This work develops a thorough review of bioimpedance systems for healthcare applications. The basis and fundamentals of bioimpedance measurements are described covering issues ranging from the hardware diagrams to the configurations and designs of the electrodes and from the mathematical models that describe the frequency behavior of the bioimpedance to the sources of noise and artifacts. Bioimpedance applications such as body composition assessment, impedance cardiography (ICG), transthoracic impedance pneumography, electrical impedance tomography (EIT), and skin conductance are described and analyzed. A breakdown of recent advances and future challenges of bioimpedance is also performed, addressing topics such as transducers for biosensors and Lab-on-Chip technology, measurements in implantable systems, characterization of new parameters and substances, and novel bioimpedance applications.
Introduction
The continuous increase in life expectancy is contributing to an aging population and an increase in the prevalence of chronic diseases [1, 2] . The consequence is an impact on the socioeconomic structure of society in terms of increased medical expenses and health and social welfare needs. This problem has driven new technological advances (sensing devices, low power electronics, wearable systems, communication technologies, etc.) to improve current healthcare systems and citizens quality of life [3] . Multiple sensorization technologies are being investigated and developed towards their application to the monitoring of the health condition, either in a clinical environment or in wearable devices for remote monitoring at the user's home [4, 5] : heart rate variability [6] , glucose level in the blood [7] , blood pressure [4] , temperature [8] , physical activity [2] , pulse oximetry [9] , etc. Among these technologies, bioimpedance takes a prominent place, since it allows providing an insight about the internal processes of the body in a noninvasive way [10, 11] .
Bioimpedance techniques are based on the injection into a biological medium (human body, tissue, or cell culture) of an alternating electric current of very low intensity. The electric current produces a voltage drop, the higher, the greater the electrical impedance of the tissue [12] . Bioimpedance measurements are based on the fact that biological mediums behave as conductors, dielectrics, or insulators of electrical current, depending on their composition. The result of this phenomenon is a dependence of bioimpedance values with frequency, which can provide information on the physiology and pathology of tissues and cells.
One of the most outstanding applications of bioimpedance in healthcare is the estimation of body composition, which is normally applied to assess the nutritional and hydration status and useful in multiple clinical areas: obstetrics [13] , postoperative monitoring [14] , critical care [15] , pregnancy and lactation [16] , gastroenterology [17] , nutrition [18] , chronic inflammation [19] , obesity [20] , or sports science [21] . An area of great interest is nephrology since it has been shown that bioimpedance methods can help in the dialysis process to achieve the desired euvolemic state [12] .
Impedance cardiography (ICG) is another bioimpedance application of great clinical interest related to the noninvasive monitoring of cardiac dynamics. The analysis of ICG signals 2 Journal of Sensors is used in the diagnosis of patients with cardiovascular diseases [22, 23] . From ICG it is possible to obtain a series of parameters related to the mechanical function of the heart such as stroke volume, cardiac output, preejection period, left-ventricular ejection time, or systolic time ratio [22] . From bioimpedance measurements and more specifically by the analysis of pulse wave velocity (PWV), arterial stiffness can also be estimated, which is a parameter of interest in the diagnosis of hypertension situations or arrhythmia and stroke events [24] . Moreover, it can be used to find blood pressure indirectly [25] .
The application of bioimpedance to obtain medical images of the inside of the human body should also be highlighted, which is known as electrical impedance tomography (EIT). In this method, harmless electric currents are applied on the subject skin and the resulting electric potentials are recorded with an electrode array [26, 27] . From these boundary voltage measurements, it is possible to reconstruct the internal volumetric conductivity distribution and images related to the impedance distribution inside a body, of great clinical interest despite its low resolution [28] [29] [30] .
Bioimpedance methods are also the basis for clinical laboratory tools such as hematocrit meters, coulter counters, and cell culture monitoring systems, including Lab-onChip applications [31] . The bioimpedance spectrum reveals the electrical and mechanical properties of the cells such as growth, motility, activity, and viability [32, 33] . In cell cultures, bioimpedance has been used for the detection of interactions with drugs [34] , the analysis of cell regulation [35] , and its kinetics or the in vivo investigation of cancer models [36, 37] .
Given their characteristics, bioimpedance measurements allow the characterization of biological media and organic tissues, including the human body, but also inorganic media [38] . In this sense, bioimpedance methods have been employed in skin monitoring (diagnosis of diseases and evaluation of a treatment progress) [38] , cancerous tissue characterization and detection [31] , sleep apnea detection through bioimpedance measurements [39] , as a means of precisely controlling the energy delivered to the heart during defibrillation [40] , as a predictor of intradialytic hypotension [41] , for precise bone cement milling during revision of total hip replacement [42] , for longitudinal knee joint health assessment [43, 44] , for the evaluation of high-resolution temporal information corresponding to pharyngeal swallowing [45] , to monitor the ischemia and viability of transplanted organs [46, 47] , edema determination [48] , brain and pulmonary function monitoring [49, 50] , and even as a method for the noninvasive measurement of glucose level [51] .
Bioimpedance devices are noninvasive, low-cost, portable, and user-friendly, practical advantages that have led to their rapid development. However, research in the field of bioimpedance is a very active area as more efficient and miniaturized instrumentation, novel models and algorithms, new parameters, and substance characterizations are required. It is important to optimize the sensors for sensitivity and power consumption, especially when used in Lab-on-Chip devices and implantable systems such as cardiac and other monitors and pacemakers. Repeatability and reproducibility are often limitations of this technology; thus, novel sensing techniques are necessary. Moreover, high frequency measurements require in-depth circuit design techniques to overcome challenges.
The purpose of this paper is to provide a review of bioimpedance fundamentals and applications and an updated record of state-of-the-art in bioimpedance technology for healthcare applications. The content of the review is organized in the following sections and subsections: 
Measurement Methods and Devices
This section reviews the fundamentals of bioimpedance measurements, from the instrumentation and hardware used in the devices to the bioimpedance models that support the measurement algorithms. Given the importance of the electrodes in this type of systems, a section is included that covers the most outstanding aspects found in the bibliography related to this term. A final part reviews noise problems and artifacts that affect bioimpedance measurements.
Bioimpedance Definition.
The impedance (Z), or bioimpedance when it comes to a biological medium, is defined as the ratio of a voltage over the electric current that it generates (Z = V/I), and it represents the opposition of a conductor to the circulation of an electric current [12] . This property depends on the characteristics of the biological medium through which current flows, but also on frequency. Generically, bioimpedance is a complex number with electric resistance (R) as real part and reactance (X C ) as imaginary part, both expressed in Ω.
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R is described as the opposition of the medium to the flow of electric current and is inversely proportional to the Journal of Sensors 3 conductance [52] . The other component, X C , can be defined as the opposition of the medium to a change in electric current and is inversely proportional to the capacitance (biological mediums can be considered capacitive) [53] .
Bioelectrical Basis of Bioelectrical
Impedance. Electricity and chemistry are intimately related in biological media. As the electric current is transported by ions dissolved in the medium, it is not possible to explain the flow of electric current without taking into account the electrolytic theory [54] . Conductivity defines the amount of electricity that can flow and is directly proportional to the concentration of dissolved ions in the biological medium. The electric resistance R increases if the concentration of ions decreases [52, 55, 56] . The viscosity of the medium, an increase in the concentration of nonconductive substances or in the distance between the measuring electrodes, or a decrease in the effective area of the medium are also factors that contribute to the increase of R. Other factors such as temperature or composition of the medium also influence the value of R. There is another property related to bioimpedance in a biological medium, the permittivity, which describes the ability of the medium to be polarized by an electric field [55] [56] [57] . In dielectric media such as biological ones, a decrease in permittivity occurs as a consequence of the absorption of electromagnetic energy by the relaxation effects associated with the dipoles of the medium. At low frequencies, the changes produced in the electromagnetic field are slow enough to allow the dipoles to reach equilibrium before the field has reversed its polarity. From a certain frequency, the dipoles cannot follow the variations of the electric field due to the viscosity of the medium and a time delay is caused in the response of the medium, leading to the dissipation of energy in the form of heat. In biological media, three main dispersion regions can be distinguished in the frequency spectrum [55, [57] [58] [59] :
(i) dispersion, normally in the frequency range between 10 Hz to 10 kHz. It is not fully understood yet but has been related to the phenomena of ionic diffusion of the cell membrane and the counterion effects [59, 60] .
(ii) dispersion, in the frequency range between 10 kHz and 100 MHz. It is mainly caused by the polarization phenomenon of cell membranes, whose behavior is similar to that of a capacitance [52, 58, 59] . The polarization phenomena of proteins and other organic macromolecules also contribute to this dispersion [58, 59] .
(iii) dispersion, in the range of gigahertz, caused mainly by the polarization of water molecules [59, 60] .
The dielectric spectrum can then be modeled as the sum of five dispersions, giving rise to the following expression for the complex relative permittivity ( * ) depending on the angular frequency ( = 2 ⋅ ⋅ frequency) [61, 62] : where ( ∞ ) is the permittivity at an infinite frequency, Δ n and n are the magnitudes and the time constants that characterize each dispersion (n=1,2,3 for , and dispersions, respectively) [63] , and is the static ionic conductivity of the biological material. Figure 1 shows the dependence of the relative permittivity as a function of frequency for three body tissues (skin, fat, and muscle) according to the parameters defined in [61] . A more realistic model takes into account the complexity of biological materials, both in terms of composition and structure, through the inclusion of distribution parameters for of the time constants (0 < n ≤ 1), according to the ColeCole model [55, 62] :
The analysis of biological materials by bioimpedance is based on the study of the conductive or dielectric properties of the medium [58, 59, 64] . As the conductivity is directly proportional to the concentration of ions in the fluids of the medium, the electrolyte solutions of the body fluids (interstitial fluid, blood, lymph, etc.) and the soft tissues (muscles, organs, etc.) are good electrical conductors. The bone, the adipose tissue, and the air present in the lungs behave like a bad conductor (insulators). The frequency dependence in the bioimpedance differs from one tissue to another but also depends on the physiological state of the tissue (normal or pathological, alive or dead, dry or hydrated, etc.), so the impedance analysis is a suitable tool for the characterization of the state of the tissues [65] .
Bioimpedance Models.
Biological media are characterized by the presence of cells. In them, the intracellular medium, formed by intracellular water (ICW), and the extracellular medium, composed of extracellular water (ECW), can be distinguished [66] . Both media are conductive, as a consequence of the dissolved ions, and separated from each other by the cell membrane that acts as a dielectric [12] . This context affects the conduction of the electric current, and its behavior resembles that of a capacitance in which ECW and ICW are the plates of the capacitor and the membrane is the dielectric material [52] . For this reason, at low frequencies the current mainly flows through the space between the cells (see Figure 2) . As frequency increases, a greater amount of current also penetrates in the intracellular medium, the more the greater the frequency.
Throughout the literature, a set of models have been proposed to respond to this behavior, which is directly related to bioimpedance.
(i) Single-dispersion RC model: the simplest model of this behavior is a resistance R E that exemplifies the extracellular path of the current in parallel to a series disposition of a resistance R I and a capacitor C to incorporate the frequency behavior of the intracellular path, with C representing the cell membrane and R I being the intracellular medium [66] (see (a) in Figure 3 ).
The bioimpedance in the s-domain can be expressed in terms of R 0 (resistance at zero frequency) and R ∞ (resistance at infinite frequency) as follows:
where
s = j , is the angular frequency, corresponding to 2 f, f is frequency in Hz, and represents the time constant of the dispersion due to the capacitive component. For the single-dispersion RC model, the time constant is calculated by the following expression:
If the bioimpedance values, from a zero frequency to an infinite frequency, are represented in the complex plane, a circular impedance curve is obtained (see Figure 4 ). The imaginary part of the bioimpedance is commonly represented with the opposite sign on the vertical axis, to avoid a representation in the fourth quadrant corresponding to a capacitive effect. The zero-frequency bioimpedance is purely resistive (R 0 ). As frequency increases, the position of the bioimpedance moves counterclockwise along the semicircle from R 0 to R ∞ .
(ii) Single-dispersion Cole model: according to fractional calculus [67] , a general fractional component with impedance in the s-domain proportional to s can be defined. The traditional components of the circuits would be special cases of this component with a value of equal to 1, 0 and -1 for an inductor, resistor, and capacitor, respectively. A special case of the general fractional component is the constant phase element (CPE), whose impedance is Z CPE = 1/(s C) in the sdomain, where C is the value of the capacitance and is its order. Its name refers to its phase angle CPE , which is constant at all frequencies and depends only on the value ( CPE = /2). Typical values of are in the range of 0 ≤ ≤ 1 [68] .
The Cole model is composed of three components (see (b) in Figure 3 ): a resistor at infinite frequency R ∞ , a resistor R 1 , and a CPE. The bioimpedance is given by the following equation:
The bioimpedance plot is also circular, but the circle center is located below the real axis of the impedance [12] . As it is shown in Figure 5 , Θ = ( /2) is the angle in which the center of the circle is displaced below the real axis. The cause of this effect comes from a distribution of relaxation times caused by the heterogeneity of cell sizes and shapes, the inaccuracy of the membrane behavior as an ideal capacitor, or physiological processes like the Warburg diffusion [54] . This model is very used because of its simplicity and good fit with bioimpedance measurements.
The single-dispersion Cole model and its parameters have been employed in various medical applications, since each parameter of the model has its own physical meaning [12, 69] : body composition analysis [70] , measurement of the concentration of urea in the dialysate [71] , tissue characterization [72] [73] [74] or analysis of blood samples [75, 76] , ischemia monitoring [72, 77] , hydration status evaluation [78] , or cancer detection [68, 79] . This model has also shown its utility in biology applications, fundamentally in plant physiology [80, 81] or the early detection of bacteria [69] .
(iii) Extended single-dispersion Cole model: single-dispersion Cole model can be extended by introducing a time delay invariant with frequency (T D ), which exemplifies the delays caused by the electronics and the measurement cables [82] . This effect is modeled by a Journal of Sensors one resistor and two CPEs, (e) three resistors and three CPEs, and (f) one resistor and two CPEs, in series. R E and R I are the extracellular and intracellular resistances, respectively; C is the membrane capacitance; s is the complex variable in the Laplace domain; R ∞ is the resistance at infinite frequency; CPE symbolizes a constant phase element; R 1 , R 2 are the resistance increase due to the first and second dispersions, respectively; 1 , 2 , and 3 are the order of the fractional components associated with the first, second, and third dispersions, respectively; and C 1 , C 2 , and C 3 are capacitances related to the first, second, and third dispersions, respectively. linear phase increase with frequency as shown in the following expression:
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(iv) Double dispersion Cole model: this model allows representing the values of bioimpedance over a wider range of frequencies, where more than one dispersion can take place, or for more complex biomaterials [83] . This model is formed with a single-dispersion Cole model in series with a resistance and a CPE (see (c) in Figure 3 ) and the bioimpedance value responds to the following equation:
(v) Other fractional models: the model (d) in Figure 3 is formed by a resistance and two CPEs. This model has been used in the estimation of the internal moisture in wood [84] , with a bioimpedance value given by
The model (e) in Figure 3 has been used in the monitoring of root growth [85] , which is formed by three CPEs and three resistors, with the following bioimpedance:
A resistor in series with two CPEs according to the model (f) in Figure 3 has been used in the modeling of the electrode-skin interface [86] , with the following expression:
(vi) Multiscale models: multiscale models have been proposed for modeling the dispersions of liver tissue. This model is built on a basic unit formed by resistors and capacitors [87] , and through a hierarchical repetition of individual elements, from less to more, the different scales of the model are obtained: blood, liver cells, liver lobules, and liver tissue.
Electrode Designs and Configurations.
A fundamental, but at the same time critical, aspect of a bioimpedance measurement system is the electrodes. They are the electrochemical interface necessary to put the biological medium in contact with the measuring equipment, both for the injection of current and for the detection of voltage. However, they are a major source of errors in bioimpedance measurements due to the stray capacitance and electrode polarization, the high contact impedance, the noise of the interface, and the artifacts due to movements, fluctuations, and contact problems [32, 88] . The impedance of the electrodes can be from hundreds of Ω to several MΩ, depending on frequency, but also on the characteristics of the electrodes [89] . One way to reduce the adverse effects is by maximizing the surface of the electrodes [32] . The design of a bioimpedance device starts from a good understanding of the behavior of the electrode-medium interface, thus the modeling of the electrodes has received a considerable interest [88, 90] . Figure 6 shows a generalized electrode model with a single time constant [12] . In this model, E hc represents the double layer potential between the electrode and the electrolyte, when it exists, and between the electrolyte and the medium. R d is associated with the conduction currents due to the double layer and C d is associated with the displacement currents. R s represents the conduction losses in the electrolyte. More precise models employ two time constants, the first to model the skin, and the second for the behavior of the electrode itself [89] .
For bioimpedance measurements on the human body, the electrode-skin contact usually consists of a metal electrode, an electrolytic gel, and the skin (see Figure 6 ). In these applications, the most common type of electrode is the AgAgCl electrode, with an electrolyte based on Cl − [22] . Current injection and voltage measurement electrodes are usually located on the hand and on the foot of the same side of the body (global lateral position (a) in Figure 7 ), although other positions are possible, also with the electrodes on the hands and feet because of their better accessibility: (b), (c), (d), (e), and (f) in Figure 7 for bioimpedance measurements of one arm, trunk, left leg, right leg, or two arms, respectively.
For ICG measurements, Ag-AgCl electrodes are usually used in the Sramek configuration [91] , in which two electrodes are located on the right lateral side of the neck, and two other electrodes on the left side of the thorax [22] (see (g) in Figure 7 ). In contrast, electrical impedance tomography typically uses an array of multiple electrodes uniformly distributed over the measurement area [26] (see (a) in Figure 8) .
Apart from the Ag-AgCl electrodes, other types of electrodes have also been used, such as the gold paste electrodes in the form of two concentric spirals presented in [38] to measure sweat on the skin. As an alternative to gel electrodes, capacitive electrodes have also been proposed as a measurement way that avoids direct contact with the user [92] . However, the results were not as accurate as in the traditional bioimpedance method because the impedance provided by the capacitive electrodes is much higher, in several orders of magnitude, than the impedance provided by the common direct contact electrodes and more susceptible to movement artifacts. Another example is the active electrodes based on a very low noise amplifier, with very high input impedance, and low output impedance, arranged directly on the electrodes [93] .
Recently, textile electrodes have greatly increased their use in medical applications, including bioimpedance measurements, because they provide greater comfort to users, and to the extent that gel electrodes are not suitable for continuous use, they are disposable and can cause skin irritation [89, 94] . An example is the custom-made electrode garment described in [95] , which is based on a biocompatible silverbased conductive fabric [95] for tetrapolar bioimpedance measurements between the wrist and the ankle.
In the case of microfluidic electrochemical sensors, coplanar electrode design is the most used configuration due to its easy manufacture. Nevertheless, the sensitivity of coplanar electrodes is limited as a result of the nonuniform field lines [32] . The incorporation of carbon nanofibers to the electrodes improves the sensitivity of these systems [96] . Another possibility is an arrangement of the electrodes in parallel plates [32] .
For the characterization of biological media, the tetrapolar configuration is the most used because it minimizes the influence of the electrodes in the measurement process. This is the basis of the cylindrical chamber employed in [97] for the analysis of breast cancer cells, with circular electrodes at the ends as current electrodes and needle electrodes inside as voltage sensing electrodes [97] . In [68] , the tetrapolar configuration was used on the same plane to study samples of breast tissue.
However, the tetrapolar electrode configuration can be affected by the anisotropy of the tissue such as nerve fibers and muscle or blood vessels. Measurement schemes that include multiple orientations have been proposed in the literature, as the case shown in [98] , in which sixteen Example of electrode configuration for the simultaneous measurement in different orientations [37] . miniature electrodes perform sequential tetrapolar measurements to recover anisotropic conductivity tensors [98] . Another example is shown in [37] , in which a nine-electrode microendoscopic probe was used (see (b) in Figure 8 ). In both cases, current injection and voltage measurement were carried out sequentially in different electrodes following a preconfigured pattern [37] . In [98, 99] , new methods for measuring the anisotropy of tissues using bioimpedance have been proposed by modeling the anisotropy in both the resistivity and reactivity in three or more different directions. The anisotropy measurement has the potential to provide new insights in medical evaluation and diagnosis. In [100] a 16-electrode probe was used to reconstruct the anisotropic impedance spectrum allowing discriminating neurogenic and myopathic diseases. In other cases, however, a spiral structure has been employed in the electrodes to eliminate the anisotropic properties of the skin and measure the impedance independently of the direction in which the sensing device is located [38] .
The polarity of the electrodes has also been analyzed in an application that uses bioimpedance as a guidance method during the craniotomy [101] . According to these results, a bipolar scheme, in which two opposite currents are injected into the medium at the same time in two different positions, is more sensitive than a monopolar scheme, with a single injection point.
Design and Implementation of Bioimpedance Instrumentation.
The basis of a bioimpedance device is the injection of a current into a biological medium, at one or more frequencies, and the measurement of the voltage produced by the circulation of that current [102] . If the biological medium is the human body, in order to avoid any possible harmful effect, the international safety standards specified in standard IEC 60601 must be strictly complied [31, 95, 103] . For this reason, most devices inject a current less than 1 mA [45, 103] .
The standard measurement frequency of bioimpedance devices is 50 kHz [31, 104] . However, due to the interest of the frequency behavior of bioimpedance [31, 33] , some devices analyze multiple frequencies by means of a more complex instrumentation. The frequency of the injected current can be generated by an oscillator [43, 105] , but it can also be generated digitally by means of a digitalto-analog converter (DAC) [106, 107] . A voltage-controlled current source (VCCS) transforms this oscillating signal into a suitable current for its injection into the biological medium [43, 105, 106] .
The injected current can be monitored to avoid exceeding the established limits [44] , but the most common method is the injection of a fixed amplitude current [108] . Although multiple current source topologies have been employed for the VCSS, most are based on the improved Howland current pump [102, 106] , implemented by discrete designs based on operational amplifiers (OPAM). However, this topology is not practical for integrated circuits (IC) due to the need for high-value precision resistors [109] . In this case, designs based on transconductors [110] and integrated current drivers fabricated in complementary metal-oxidesemiconductor (CMOS) technology have been proposed [111] . The desirable characteristics for the design of the VCCS are a constant current for variable loads and a high output impedance, especially in the case of EIT [112] .
Bioimpedance measurements are mainly performed in two different configurations, depending on the number of electrodes [33, 45, 68, 107, 113] : two and four electrodes. When only two electrodes are used, the voltage is measured at the same current injection electrodes. This configuration is typical in the monitoring of cell cultures by electrochemical impedance spectroscopy (EIS), where the presence of a particle perturbs the electric field lines, and therefore the impedance, between two coplanar electrodes [96] .
As the impedance of the electrode-medium interface is in series with the bioimpedance to be measured, important errors may arise. To solve this problem, the four-electrode configuration (tetrapolar) is usually employed [107, 108] . In this scheme, the current is injected by the external electrodes (distal electrodes) and the voltage is measured in the internal electrodes (proximal electrodes) (see Figure 9 ) by means of an instrumentation amplifier. Since the input impedance of the instrumentation amplifier is very high, the voltage drop at the sensing electrode can be considered negligible [36] .
Bioimpedance can be evaluated in multiple ways by the measurement instrumentation. Below, some of the most relevant bioimpedance measurement schemes are presented:
(i) Modulus measurement: when only the temporal variation of the impedance modulus is of interest, it is common to perform an amplitude demodulation (bioimpedance variations can be seen as the modulation of a carrier signal in this case). The magnitude can be evaluated by peak detection [31, 114] or by rectification (half-wave or full-wave) with subsequent low-pass filtering [45] .
(ii) Phase measurement: if a square current signal is generated, the comparison of the original signal and the measured signal can be used to detect the phase of bioimpedance [115] . XOR or SR latch schemes have also been employed to generate clock signals with pulse width dependent on the phase shift [116] .
(iii) Quadrature demodulation: this method is based on two multiplications of the measured voltage signal, one by an in-phase signal (0 ∘ ) and another by a quadrature signal (90 ∘ ) [43, 44] . The output of each multiplier is filtered to obtain the DC components, and from them, the modulus and the phase of the impedance are estimated. The scheme of a bioimpedance meter based on quadrature demodulation is shown in Figure 10 . The order and the cutoff frequency of the filter are established by the bioimpedance signal to be monitored [117] . If the bioimpedance changes slowly, a single multiplication can be used by alternating the phase between 0 ∘ and 90
(iv) Intermediate frequency approach: the high bandwidth required by the signal sensing channel has a negative effect on power consumption. To reduce this effect, the bioimpedance frequency can be transferred to a lower intermediate frequency before amplification. This procedure is generally carried out in two phases: first, the signal is transferred to baseband, and next the signal is modulated at an intermediate frequency.
In [31] an alternative method composed of a single phase was proposed. Finally, the signal is demodulated in amplitude or quadrature to obtain bioimpedance information. (v) Synchronous sampling: since the amplitude, phase and frequency of the signal are known parameters, it is possible to obtain the complex bioimpedance value by sampling the signal at the instants in which the acquired signal reaches the peak values and zerocrossings [118] . This procedure requires a very precise synchronization and makes the measurement rather challenging at high frequencies [31] . (vi) Oscillation-based method: this method converts the medium under test into an oscillator. Any variation in the bioimpedance produces a variation in the oscillation frequency, which is easily measurable with minor hardware resources [33, 119] . In addition, the need to generate a stimulation signal is avoided. To maintain the oscillation condition, a nonlinear element (a simple comparator) is included in the feedback loop. LC oscillators have also been used in the monitoring of bioimpedance changes by displacements of the resonance frequency [119] . (vii) Impedance bridge method: in this method, an impedance bridge topology is used to estimate the bioimpedance of the biological medium, represented in Figure 11 as Z B [12, 120] . Its value can be estimated by the following expression:
where Z 2 and Z 3 have known values and Z 1 is tuned until no current flows through M. Current implementations of this method employ a simplified scheme known as self-balancing method [121] . A typical implementation is shown in Figure 12 , where two voltage sources are used (V 1 and V 2 ), Z 1 is the impedance to calculate, and R 2 is a resistance of known value [121] . The signals V 1 and V 2 respond to the following expressions:
The value of A 1 is known and fixed and the values of A 2 and 2 are modified until a balanced voltage is obtained in the G terminal. Then, the bioimpedance value can be calculated with the following equation:
Variants of the self-balancing method have employed an instrumentation amplifier and a DAC to get the balance by feedback [122] or a scheme based on an adjustable digital potentiometer as reference and instrumentation amplifiers for measuring voltage values in a four-electrode configuration [123] . (viii) Amplitude-to-time conversion: this method has been used in the evaluation of the gain/attenuation with respect to the reference voltage applied in EIT measurement systems [124] . It is based on the fact that sinusoidal signals of different amplitudes intercept each other with a fixed delay with respect to the reference signal, as shown by (18) . Figure 13 shows the scheme proposed in [124] , in which a reference sinusoidal signal is generated as an offset copy of the excitation signal. Comparator A generates a square signal whose active value represents the condition that occurs when the delayed reference signal takes a negative value (see Figure 14) . The square signal resulting from comparator B reflects
Figure 12: Self-balancing method bridge method according to [121] . the intersections of the reference signal with the measured signal. The time duration of the period in which the signals from comparator A and comparator B are active at the same time is related to the gain of the measured signal. The relationship between this time measurement and the gain also depends on the phase shift applied by the phase-delay unit, and a calibration can be performed to adjust this parameter [124] .
(ix) Fast Fourier Transform (FFT): FFT has also been used to obtain the bioimpedance spectrum using a multisine excitation [125] , chirp signals [126, 127] , or white noise [128] .
(x) Orthogonal sequential digital demodulation method: in this method, two or more frequencies are employed, and subsequently, a digital demodulation based on the orthogonal property of the triangle function is performed [129, 130] . In a complementary way, bioimpedance measurements in multiple locations of the biological medium can be combined to improve the sensitivity and specificity, as in EIT [26] . In this case, frequency-or time-division multiplexing can be used to avoid superposition in the excitation signals [131] .
Some commercial chips have also been developed to perform bioimpedance measurements. AD5933 impedance network analyzer of Analog Devices performs impedance measurements between two terminals within the frequency range of 1 kHz to 100 kHz [22, 95, 108] . For this, it uses a 12-bit ADC and a processing based on FFT. To allow the use of AD5933 in humans in a four-electrode configuration, analog-front-end (AFE) designs have been proposed [108, 132] . AFE4300 of Texas Instruments is another example of a chip for bioimpedance measurements. Its design is based on a 6-bit pattern generator, a VCCS that generates a current signal between two terminals and a 16-bit ADC. However, the 150 kHz limit of the system makes it unsuitable for bioimpedance spectroscopy applications [133] . AD8302 of Analog Devices is a phase and gain detector that has also been used in bioimpedance estimations [105] . These advances and the important research effort carried out in this field have allowed the development of wearable bioimpedance devices, some of which include wireless communication capabilities [22, 95, 108, 134] .
Sources of Artifacts and Noise in Bioimpedance Measurements.
A bioimpedance measurement system is more robust and stable against noise and motion artifacts than other biopotential measurement systems such as the ECG as a consequence of the injection of a reference current in one or more well-determined frequencies, which generates a voltage easily measurable in most cases [135] . However, bioimpedance measurements can be affected by multiple sources of error that can affect the signal-to-noise ratio (SNR) [22] .
The first challenge faced by a bioimpedance device is the design of the current generator, which ideally must be precise and stable, both in modulus and phase, independently of the measured bioimpedance value [31] . This avoids the need for constant measurement of the injected current and minimizes its effect as a possible source of noise. A precise generation of a sine wave may require a high-precision DAC, which affects the power consumption and cost of the device [136] . In this case, a square signal can be used instead of a sinusoidal source. The harmonics generated by the square wave produce an error in the demodulation of the signal, but correction algorithms can be used to improve the precision of the estimations [136] . Another way to generate a precise sine signal is through a stable oscillator, as the case of the diode-stabilized Wien-Bridge oscillator described in [43] . To maintain the accuracy, the sinusoidal signal must be converted into current by means of a VCCS with a high output impedance and a high bandwidth, in order to support the bioimpedance variations without any distortion [43] . In the case of very small impedance, the gain of the VCCS can be controlled by increasing its value to improve the SNR [43] , always within the safety limits established in IEC 60601 [95] .
Another challenge is the design of a voltage measurement stage, sufficiently precise and robust against noise. It is common to use an instrumentation amplifier with a high input impedance, high common-mode rejection ratio (CMRR), typically greater than 80 dB, and sufficient bandwidth to support the measurement frequencies without distortion [136] [137] [138] . However, the sensitivity requirements in the EIT applications are even stricter and any improvements provided in the accuracy of the measurements will result in a decrease in errors and an increase in the accuracy of the images. For this purpose, structures based on dual instrumentation amplifiers have been proposed to reduce the input noise, decrease energy consumption and improve the gain [107, 139, 140] .
In a system based on bioimpedance spectroscopy, the error in the estimates decreases if the number of measurement frequencies [133] increases and/or an exhaustive timing control of the signals is performed, as it can be done in a fieldprogrammable gate array (FPGA) device [106] . The sources of noise are also reduced by a suitable calibration of the bioimpedance device, incorporating the capacitive effects in the frequency response [141] and the effect of the electrodes [103] . This calibration is usually done manually, although it can be convenient to carry out automatically [22] .
Some authors have shown the effect of the parasitic capacitance of the body to the earth C B as a major source of errors in bioimpedance measurements above 100 kHz [142] . This capacitance can be from 11 pF to 3.9 nF for a standing person [143] . It produces gain and nonlinear errors whose main effects are the following [142, 143] :
(i) A gain error that increases with the frequency, behaving like an inductive effect proportional to the value of C B and the sum of all the resistances (measured and parasitic). This effect can even lead to positive phase angles in the bioimpedance measurement.
(ii) A gain error independent of the frequency and proportional to the ratio between C B /C C , where C C is the capacitance of the electrode. This effect translates into an offset in the magnitude of the bioimpedance.
(iii) A resonance effect that may be below 1 MHz, generated by the input capacitance of the instrumentation amplifier C in and the inductive effect of C B . If C in is kept below 10 pF, it is possible to keep the resonance frequency above 10 MHz.
In bioimpedance systems based on spectroscopy, a key point is a correct identification of the single-dispersion Cole model parameters, since important errors can be made if this process is not carried out in a convenient way. As already mentioned in Section 2.3, the bioimpedance plot has a circular shape (see Figure 5 ). From the circular arc, the theoretical R 0 and R ∞ can be approximated by projecting the curve that best fits the bioimpedance values [67] . The parameter can be estimated taking into account the angle formed by the center of the circle with the real axis of the bioimpedance ( CPE = /2). The frequency at which the maximum of the absolute value of the bioimpedance imaginary part is produced corresponds to f C = 1/ , where is the time constant of the dispersion. The value of this frequency allows the calculation of the parameter C, since
1/ . Cole model parameter identification is normally obtained by means of Nonlinear Least Squares (NLLS) methods, which aims at obtaining the best coefficients for the Cole model that fits the curve minimizing the summed squared of the error between the measured data and the modeled values [73, [144] [145] [146] . Some authors use only the impedance modulus when performing parameter identification [145, 147, 148] , others only use the real or imaginary part [67] . However, the techniques that achieve a smaller error use both the real and the imaginary parts of the impedance [145] and recursive algorithms for parameter search, using NLLS methods [144] . These methods do not often solve analytically the problem of parameter identification but use complex algorithms of successive approximations that can only be executed off-line on personal computers. A major research effort has been made to reduce the amount of hardware needed and the cost of bioimpedance measurement instruments so that they can be used in portable applications [149, 150] . Part of this effort has focused on reducing the processing costs so that it can be performed in portable devices [67] .
Bioimpedance for Body Composition Assessment
The human body can be considered as a multicompartmental system, in which in a first instance each cell can be considered as a compartment [12] . In a generalized model, two compartments could be considered: the intracellular compartment, which contains the ICW, and the extracellular compartment, which integrates the ECW. The border between both media is the cell membrane [151] . The total body water (TBW) is the sum of ICW and ECW. The distribution of water content is nonuniform throughout the body and can be considered another model composed of a fat mass (FM) compartment, which includes water-free body lipids, and another compartment formed by the rest, called fat free mass (FFM) [151] (see Figure 15 ). Bioelectrical impedance analysis (BIA) is a set of methods applied in the estimation of body composition through the measurement of bioimpedance [12] . The basis is the determination of the electrical impedance of an electric current that passes through the body that can be estimated in one or multiple frequencies. The BIA analysis has become a standardized technique in the estimation of body composition since it does not present the restrictions of the dissolution methods [152] [153] [154] and provides more accurate estimations than the anthropometric methods [154] . In addition, it is a simple, safe and noninvasive technique. Thanks to the BIA analysis it is possible to obtain an estimation of body fluid volumes and body composition in both normal and pathological states. The bioimpedance methods also have many practical advantages that have guided its rapid development [152, 153] : the instrumentation is portable, relatively lowcost, and the measurements can be carried out quickly with minimal operator training; bioimpedance methods require little maintenance and the measurements are safe and easy to perform; it is a noninvasive technique, requiring only the placement of electrodes in the body; the results are obtained immediately, and the measurements can be repeated as often as desired, with great interobserver reproducibility.
The clinical usefulness of BIA techniques has been demonstrated in numerous studies: in nephrology [12, 155] (identification of dry weight in renal patients, improvement of cardiovascular management, monitoring of fluid transfer during ultrafiltration, estimation of the volume of distribution of urea in the calculation of the Kt/V parameter, or nutritional assessment), in nutrition (chronic malnutrition [156] , obesity [157, 158] , cachexia [159] , sarcopenia [160] , etc.), during pregnancy [161] and lactation [162] , for the risk assessment of various pathologies [163] , as a marker or direct cause of diseases [164] , during the process of decision making in a disease, during aging or a rehabilitation process [165] , as a complement in the diagnosis and monitoring of conditions related to the cardiovascular system (fluid accumulation after cardiac surgery [155] , hyponatremia [166] , etc.), in issues related to the immune system (patients with AIDS, dengue, hemorrhagic fever, and chronic inflammation [167] ), in the evaluation of nutritional status in nervous system-related conditions (Alzheimer [155] , anorexia nervosa [168] , and mental disability [169] ), in pediatrics [170] , in oncology (evaluation of the patient's condition [155, 171] , early diagnosis [172] , etc.), in the postoperative period [171] , for patients in critical care (follow-up of physiological trends in intensive care [173] , sepsis [174] , hemodynamic resuscitation [175] , acute respiratory distress syndrome [176] , patients bedridden [177] , and patients with liver cirrhosis [178] ), in gerontology [179, 180] , and even in sports science (evaluation of the effectiveness of a training program [21] , detection of anomalies in the distribution of liquids [181] , etc.).
BIA analysis is also useful in chronic respiratory diseases, where the loss of body weight and the decrease in muscle mass have been recognized as risk factors associated with increased morbidity (inflammation, cachexia, anorexia, skeletal muscle dysfunction, increase of dyspnea, worsening of health status, increased risk of exacerbations, and decreased exercise capacity) [182] , mortality [183] , and a deterioration in the quality of life [184] . But fundamentally, BIA has a special relevance in patients with chronic or acute kidney disease, where fluid excess is also a condition related to increased morbidity and mortality [185] .
The common basis of all BIA analysis systems is a measurement of the human body bioimpedance. To provide greater accuracy in estimations it is common to keep the human body in supine position for a time before the measurements, typically 15 minutes, to favor the balance of body fluids [186] . The electrodes are usually arranged according to the global lateral position shown in Figure 7 , although many other configurations are possible [187] . Finally, the estimation of body composition is made from the analysis of bioimpedance measurements, which can be performed from (1) Single Frequency Bioimpedance Analysis (SFBIA). In order to simplify the analysis of bioimpedance, the human body can be modeled as a cylinder whose length is the height [66] . The electrical resistance of this model responds to the following generic expression, where is the cylinder conductivity:
Multiplying the numerator and denominator by the height, it is possible to obtain a generic expression of the volume depending on the height and resistance of the virtual cylinder that models the human body [52] :
This relationship is the basis of SFBIA for the estimation of body compartment volumes. Numerous equations have been proposed in the literature for the approximation to the body parameters using the SFBIA technique [188] [189] [190] [191] . These equations are usually defined from a regression analysis on a study population using the parameter Height 2 /R as one of the independent variables. To take into account the anthropometric characteristics of the subject, other variables such as weight or sex can also be incorporated as independent variables. The dependent variable is the body parameter to be estimated, which can be the volume of water (ICW, ECW, or TBW), but also the corresponding weight of fat or lean mass. The reference of this parameter is obtained from the standard gold estimation method, usually dissolution methods [133] . The resulting equations usually respond to the following expression [66, 192] :
in which the coefficients K i are determined by the multivariate linear regression analysis in the study population [133] .
Normally, SFBIA equations use the resistance value at the frequency of 50 kHz [193] , since this is the standardized frequency. The Table 1 shows some examples of equations based on the SFBIA method for different body compartments.
These equations have been selected for their widespread use and a minor error obtained in the evaluation studies [194] . The estimation of body parameters can be performed for a body segment (leg, arm, trunk, etc.) [195] , modeling this segment as a cylinder, or for the whole body, in which case the different sections are approximated by different cylinders [52] , although it could be considered a single cylinder that weighs the influence of the different body sections [196] .
If the equations use the impedance obtained in two or more frequencies, the method is then called Multifrequency Bioimpedance Analysis (MFBIA). The main disadvantage of SFBIA and MFBIA methods is that the parameters of the equations are obtained empirically by means of a regression analysis. If these equations are applied in a different population group from which they were established, in altered states of composition or in people with anatomical particularities, important errors may occur in the estimations.
(2) Bioimpedance Spectroscopy (BIS). The BIS method removes the apparent population specificity of the SFBIA methods. This method is based on the fact that low-frequency currents only flow through the extracellular compartment, while high frequency currents circulate through both compartments. This assumption, together with the theory of mixtures of Hanai, has resulted in a set of equations for the estimation of the body compartments [63] . The ECW is obtained from the resistance R ECW = R 0 according to the following expression [12, 63, 103, 106, 133] :
in which K B is a dimensionless form factor with a typical value of 4.3 that incorporates the geometry of arms and trunk in the virtual cylindrical model of the human body [196] ,
ECW is the resistivity of the extracellular medium, height is in cm, Weight is in kg, and D B is the body density in kg/L.
Similarly, TBW can be estimated from R ∞ by the following equation [12, 133, 192, 197, 198] :
where ∞ is the expected resistivity of the human body at an infinite frequency. From TBW it is possible to calculate ICW, since ICW=TBW-ECW, and FFM, taking into account the fact that the water proportion of FFM in normal states is 73.2% [199] . In addition, the FM and its percentage can be established from FFM, since according to its own definition, FM=W-FFM.
Impedance Cardiography
(3) Bioelectrical Impedance Vector Analysis (BIVA). The BIVA method does not require assumptions about geometry, as in the case of the BIS method, and it does not depend on approximations obtained by regression, as in the SFBIA method [12, 108, 200] . BIVA is based on a vector representation of the resistance and the reactance of the bioimpedance, normally at the frequency of 50 kHz, in absolute and normalized values with respect to the height of the subject. R/height is plotted on the abscissa axis and X C /Height on the ordinate axis [201] . Due to the correlation that exists between R and X C , the distribution of bioimpedances on the BIVA graph takes an elliptical form as shown in Figure 16 . In this figure we can see the tolerance or reference ellipses that represent 50%, 75% and 95% of the reference population. Given their dependence on the study population, multiple reference ellipses have been proposed for different ethnic groups based on sex, age, and even body mass index (BMI) [108, 202, 203] . The bioimpedance values that fall outside the reference ellipse of 75% indicate an abnormal physiological situation, and depending on its location, the following analysis can be performed [12, 203] for TBW measurement, bromide dilution (BrD) for ECW assessment, total body potassium (TBK) for ICW determination and dual-energy X-ray absorptiometry (DEXA) for measurements of fat mass and lean mass). Tables 2 and 3 show some comparisons of the results obtained in several recent clinical studies. Table 2 shows the correlation coefficient r and the p-value of statistical significance obtained in different correlation studies between the bioimpedance methods and the reference methods. Table 3 indicates the results of Bland Altman's analysis in relation to the mean value of the differences (reference value-BIA value) between the two estimations and the 95% confidence interval (CoIn) of the differences.
The comparative results of BIA methods show a good correlation and concordance with the reference methods, indicating an adequate accuracy. The BIS method is more accurate than the SFBIA method if the mean error is taken into account, although both ones are comparable. Usually, FFM is overestimated in BIA with respect to BIS. In contrast, fat mass is underestimated. Fluid excess can reduce the accuracy of DEXA, so bioimpedance may be a better option for patients in altered states of hydration. Moreover, DEXA which possibly underestimates FFM, which agrees with the estimates made by bioimpedance [204] , does not allow evaluating the distribution of TBW between ECW and ICW so as to estimate body cell mass [205] and BIA has the advantage over DEXA of avoiding radiation exposure. As the BIA method is simpler, less invasive, and less expensive, its routine clinical use is reasonable [206] . Most studies on BIA also show its usefulness in the evaluation of changes in body composition [207] .
Impedance cardiography (ICG) comprises a set of methods that provide an assessment of the transthoracic electrical bioimpedance and its time dependence on blood volume, circulation, and cardiac function [215] . It is also known as transthoracic electrical impedance plethysmography and provides a noninvasive approach to the measurement of the cardiac output [216] . Transthoracic impedance is modulated by cardiorespiratory activity, such that a decrease in impedance can be related to an increase of blood flow. The derivative of impedance (dZ/dt) contains a set of seven points (A, B, E, X, Y, O, Z, see Figure 17 ) related to cardiodynamic events [217] . Hence, cardiovascular condition and diverse hemodynamic parameters such as heart rate, cardiac volume, stroke volume, cardiac output, vascular resistance, velocity index, or thoracic fluid content, among others, can be noninvasively monitored against time by extracting characteristic points and periods of the dZ/dt signal through ICG [218] . Stroke volume (SV) can be estimated in milliliters per beat from Kubicek formula:
where b is the resistivity of blood, L is the transthoracic length, Z 0 is the impedance baseline, LVET is the leftventricular ejection time (i.e., X-B segment), and (dZ/dt)| max is the maximum slope of the impedance signal on a given beat. Cardiac output (CO) is computed in milliliters per Research works about ICG started in the 1940s and technology development in the 1960s. ICG bioimpedance is performed by using a constant current injection approach using a four-electrode (tetrapolar) arrangement. Usually, currents in the frequency range of 20-100 kHz are used for excitation at the driving electrodes and voltage is measured at the sensing electrodes. The common configuration places the driving electrodes around the abdomen and the upper part of the neck, respectively, while the sensing electrodes are fixed around the thorax and the lower part of the neck [219] . Both band and spot electrodes have been reported for the use of ICG [220] .
The advances in microprocessor technology and wireless communications have accelerated the design and development of wearable multifunction sensors providing the joint electrical (ECG) and mechanical (ICG) ambulatory monitoring of heart function using high-resolution analog-todigital converters [221, 222] , embedded design with LabView [223] , Raspberry PI platform [22] , or off-the-shelf impedance converters [224] . The imperative of portability is a usual requirement for recent ICG monitors [225, 226] . The use of textile electrodes has improved the portability of ICG systems through its seamless introduction in shirts [227] , vests [228] , the use of necklace-shaped electrode arrangements [229] , or the adoption of contactless approaches [230, 231] . In other works, ICG and ECG are complemented with transmission and reflection photoplethysmography (PPG) to reduce the sensibility of ICG to noise interference [232] . This interference has also been studied in [233] in the context of simultaneous functional magnetic resonance imaging and ICG acquisition, showing that changes in impedance (dZ/dt) are not affected. In the context of processing the ICG signal, efforts are placed on improving the accuracy of slope change for the impedance derivative's (dZ/dt), which is related to the opening of the aortic valve [234] . The same issue has been addressed in [235] by considering the computation of the second and third derivatives, revealing the importance of the latter. The removal of ICG artifacts (both physiological and nonphysiological) has also been addressed by using adaptive filtering techniques [236] and wavelet analysis [237, 238] . The use of artificial neural networks has been proposed to improve the calculation of stroke volume from ensemble averages of ICG signals [239] . Finally, kernel methods have been used to analyze the time-frequency content of the ICG signal in [240, 241] . While some studies have warned against the accuracy of ICG-based measurements compared with gold standards for cardiovascular condition (Table 4 summarizes recent studies for diverse health conditions), its low-cost and ease of use make this technique appropriate for clinical use.
Transthoracic Impedance Pneumography
Transthoracic impedance pneumography (TIP) is a noninvasive method that evaluates the thoracic impedance and changes related to respiratory activity, becoming an alternative to spirometry or pneumotachometry for ambulatory and outside hospital settings [248] . It offers a simple way for the characterization of respiration rate together with other vital pulmonary signs, such as respiration cycle length and tidal volume. Hence, it provides essential indicators for the respiratory condition. Breathing activity changes the thoracic volume, geometry, and conductivity, thus modulating the impedance that can be recorded between two surface electrodes placed on the chest [249] . While it can be acquired from the same electrodes as ECG [250] , TIP uses 50-500 kHz low amplitude currents. Tetrapolar electrode configuration is also popular to reduce skin-electrode effects [251] . Due to the conductivity of lung tissue, most of the impedance changes are due to the current passing through the chest and back. Upon respiration activity, voltage increase and drop are associated with lung air filling (inspiration) and emptying (expiration), respectively, with a linear correlation between impedance changes and the volume of ventilated air [252] . In [253] , such relation is expressed similarly to (24) as
where V L and ûZ are the respiration volume change and magnitude of the impedance change, respectively. L is the length of the conducting volume, Z 0 the impedance baseline, and a resistivity parameter. Flow can be expressed as
However, the respiratory airflow monitored by TIP is sensitive to movement artifacts [254] .
TIP has been used to measure lung volume changes [255] , to evaluate respiratory condition during normal and deep breathing [256] , the assessment of asthma risk from tidal flow variability [257] , sleep disorders [258] , energy expenditure estimation [259] , or even the detection of body posture changes [260] . Another application of TIP is the gating of positron-emission tomography (PET) and singlephoton emission computed tomography (SPECT) images. Respiratory movement is an important source of error in studies using PET images of the thoracic region. Due to the long period of time necessary for taking a PET image, usually minutes, the respiratory movement can deteriorate the image quality [261] , leading to an incorrect diagnosis or inadequate treatment [262] . TIP has been used to compensate for the adverse effects of movement in oncological PET images [261] . It has also been applied to reduce the effects of respiratory movements in the analysis of myocardial perfusion SPECT images [263] .
Like ICG, the e-health paradigm has fostered the design of wearable sensors supported by signal processing algorithms. Among the former, textile electrodes have been designed in [264] to provide joint ECG and TIP monitoring. The careful design of the electrodes has stimulated research, with the adoption of textile multimaterial fibers for contactless TIP sensing [265] , compound electrodes [266] , and graphene electrodes for a long-term measurement life [267] . Signal processing methods for TIP are focused on the derivation of respiratory rate through autoregressive models [250] or power spectral density estimation [268] , the decomposition of the cardiac and respiratory components [269] , the improvement of respiratory parameters using nonlinear corrections with neural networks [270] , and the removal of motion artifacts based on correlation measurements [251] . Given the characteristics of the signal, TIP has been evaluated as an alternative in the study of the respiratory rate [271, 272] . Table 5 shows the results obtained in two recent clinical studies. Another application of TIP is the gating of positron-emission tomography (PET) and singlephoton emission computed tomography (SPECT) images. Respiratory movement is an important source of error in studies using PET images of the thoracic region. Due to the long period of time necessary for taking a PET image, usually minutes, the respiratory movement can deteriorate the image quality [261] , leading to an incorrect diagnosis or inadequate treatment [262] . TIP has been used to compensate for the adverse effects of movement in oncological PET images [261] . It has also been applied to reduce the effects of respiratory movements in the analysis of myocardial perfusion SPECT images [263] .
Electrical Impedance Tomography
Introduced by Barber and Brown in the 1980s [273] , electrical impedance tomography (EIT) is a medical imaging modality that provides the spatial distribution of bioimpedance inside the body [274] , relying on a set of 16-32 electrodes [275] placed on the surface confining the volume of interest. Current excitation in the typical frequency range of 20-250 kHz causes an electromagnetic field that interacts with volume tissues yielding electric potential maps that can be measured [276] . However, different operating frequencies have been proposed for EIT systems. For instance, the KHU Mark 2.5 EIT system, designed for imaging brain function, operates within 11-500 kHz [277] , and broadband EIT systems for breast imaging span from 10 kHz to 12.5 MHz [278] . A high output impedance current source is required for broadband EIT applications [279] .
Two complementary problems may be distinguished in the context of EIT. The forward problem assumes a known conductivity distribution within volume tissues and involves the numerical computation of voltages on the surface electrodes [280] . The inverse problem addresses the prediction of conductivity distribution from the electric potential measurements through a reconstruction algorithm [281] , from which bioimpedance images are derived. Among the advantages, EIT outstands as a low-cost, harmless, simple, and noninvasive technique yielding high-speed imaging and high temporal resolution. It can be very fast, able to generate thousands of images per second. Compared to nuclear imaging, EIT does not use ionizing radiations and thus harmful side effects are avoided. Its drawbacks are associated with the limited spatial resolution it provides [282] due to physical constraints for electrode separation and the numerical issues for impedance image reconstruction due to the ill-posed nature of the inverse problem. However, compared to other imaging modalities EIT is regarded as a high-resolution technique in terms of the functional parameters that it provides.
In the biomedical field, EIT has been applied to the examination of chest [283] , to manage patients with acute respiratory distress syndrome (ARDS) in the intensive care unit (ICU) by estimating regional lung ventilation at the bedside [284] . Other areas of application include stroke imaging [285] , the characterization of brain tissues [26, 286] , the monitoring of regional cerebral edema during clinical dehydration treatment [287] , the early warning of brain injury during aortic arch replacement operation [288] , gesture recognition [289] , cancer detection [290] [291] [292] , pediatric intensive care [293] , tissue engineering [294] , thermal management of hyperthermia [295] , or laparoscopic surgery [296] . Another application of EIT is the gating of positronemission tomography (PET) and single-photon emission computed tomography (SPECT) images. Respiratory movement is an important source of error in studies using PET images of the thoracic region. Due to the long period of time necessary for taking a PET image, usually minutes, the respiratory movement can deteriorate the image quality [261] , leading to an incorrect diagnosis or inadequate treatment [262] . EIT has been used to compensate for the adverse effects of movement in oncological PET images [261] . It has also been applied to reduce the effects of respiratory movements in the analysis of myocardial perfusion SPECT images [263] . Other applications have been reviewed in [297] .
The EIT forward problem usually relies on the finiteelement (FE) method. The dimensionality of the forward problem has been regarded as the most critical factor limiting the quality of image reconstruction [298] . The analysis of convergence of the FE approximation for EIT has been analyzed in [299] , showing that the estimated voltages on the electrodes converge to the true values as the underlying mesh is more refined. Regarding the inverse problem, different linearization methods have been proposed to address the linear inverse in an iterative algorithm [300] . Among the regularization approaches for the nonlinear inverse problem, the "D-bar method" [301] and the "Calderón method" [302] are proven strategies which have been extended in [303] with a convolutional neural network to prevent image blurring.
Deep learning approaches applied to image reconstruction for EIT have also been addressed in [304, 305] . The incorporation of structural information has been applied in [306] to reduce the dimensionality and sensitivity to regularization parameters. Another way of compensating the ill-posedness of the inverse problem is the enforcement of monotonicity constraints about the reconstructed conductivity [307] [308] [309] . In other papers, regularization incorporates a priori knowledge yielding sparse solutions [306] . Other works combine level set function, shape and topological derivatives to avoid local minima in the optimization algorithm [310] . The consideration of alternate solution spaces, such as the logarithmic conductivity, has proven to be more robust to the initial guess and yield faster convergence [311] . With regard to EIT image resolution, resampling-based methods [312] and sparse Bayesian learning [313] have been suggested to improve the quality of EIT image reconstruction. In other words, multiple information fusion methods are approached to address the limitations of EIT. Careful considerations of a priori information, measurement error, and the model parameters are required, together with close collaboration between mathematicians and experimentalists. During the last couple of years, EIT sensors and systems have been customized for real-time operation and portability. A wearable EIT system has been proposed in [314] based on system-on-chip technology. It integrates 48 channels in a flexible printed circuit board belt with wireless communications to an external imaging device. Another belt design with 32 electrodes is reported in [294] , which uses active electrode ASIC (Application-Specific Integrated Circuit) technology. The electronic sensing architecture proposed in [315] uses dry electrodes integrated in a vest for the simultaneous EIT and multilead ECG data acquisition through frequency division multiplexing. The prototype described in [316] uses an arrangement of 16 microelectrodes placed around the base of a circular chamber for 3D cultivation imaging. The system in [317] integrates multifrequency operation with 32 electrodes for 2D and 3D imaging. Alternative methods to sequential electrode excitation have also been tested in [318] , which uses mixed excitation patterns yielding a simultaneous linear combination of single excitations. The reconfigurability and control of the variables involved in the experimental operation is another highly demanded requirement [319] for EIT systems.
As it has been previously mentioned, the medical images provided by EIT are of great clinical utility. These images have also been used to derive clinical parameters from the analysis of their evolution. Table 6 summarizes some examples of recent studies that compare estimates against reference standards.
Skin Conductance Applications
The sympathetic skin conductance response (SCR) is one index of autonomic arousal [320] . Electrodermal activity (EDA) measures the electrical activity on the surface of the skin or originating from the skin [321] . It can be characterized as a tonic level through skin conductance or as a transient response through galvanic skin response. EDA measurement systems are based on the injection of a signal-usually an electric current-into the body using surface electrodes attached to the skin, and the electric voltage developed as a consequence of the injection of the current is usually recorded. Sweat gland permeability is the main responsible for skin conductance changes [322] . As sweat gland activity is neurally mediated through sympathetic activity, EDA is highly appreciated in psychophysiology and behavioral medicine [323] . However, EDA is also influenced by factors such as external temperature, and requires reference measurements and calibration [324] .
EDA processing is focused on activity modeling and the removal of artifacts. While exponential smoothing [325] and low-pass filtering [326] are common approaches to signal denoising, wavelet transform has been used in [327] for motion artifact reduction in drivers and machine learning algorithms have been suggested in [328] to distinguish artifacts in an EDA signal from normal physiological responses. Sparse recovery based on the orthogonal matching pursuit algorithm has been applied in [329] to separate skin conductance response from artifacts with a high accuracy. For the analysis of EDA signals and identification of arousals, the methods range from power spectral density analysis [330, 331] , machine learning [332] , compressed sensing [333] , to nonlinear analysis based on chaotic characterization and complexity assessment [334] . EDA sensors can be based on Ag/AgCl disc electrodes attached to the palm sides of index and middle fingers, such as the prototype reported in [335] , or multilayered sensor disc for use as a dry electrode [336] . The use of spiral geometry for the electrodes has been suggested in [38] to make measurement results independent of skin anisotropy.
An example of application of skin conductance measurement is the evaluation of the metabolic condition of a person. Table 7 shows the results obtained in a comparative study of the skin conductance with the measurement of the resting energy expenditure [337] . Another example is the evaluation of sudomotor function [338] .
Impedance Detection in Biosensors
Impedance biosensors are in use for the detection and characterization of different bioparticles as bacteria, viruses, cells, and biomolecular structures by the aid of measurement of their electrical impedance in microfluidic environment. The rise of impedance-based biosensors was initiated by the following two enabling factors.
(1) Impedance sensing in electrochemistry: first, the impedance-based electrochemical sensors for the detection and concentration determination of chemical have been known for many decades already [342] . Electrochemical sensors have used the impedance measurement for a long time already [342] , e.g., for determination the concentration of ionic reagents in solutions and for monitoring reduction-oxidation (redox) reactions. Emergence of electrical current as the product of chemical reactions is known as the Faradaic process. The level of evoked current depends on intensity of chemical reactions. Sensing methods are potentiometry, amperometry, and voltammetry using either direct current or slowly changing alternating current. Such the sensing method is called Faradaic, which are widely used in electrochemistry, but preferably not in biosensors. Electrochemistry gave impetus to the use of impedance sensing in biosensors, but the biosensors use mostly non-Faradaic formation of electrical current, which depends on the rate of presence (concentration) certain biological particlescells and biomolecules as DNA, but mostly the pathogens as bacteria and viruses-causing changes in the impedance to alternating electrical current in kHz and MHz frequency range.
(2) Bioimpedance sensing in microfluidics: another boost to the rise of impedance methods gave an expansion of microfluidic technology, enabling to create miniature lab-on-a-chip (LoC) devices [343] . First of all, the bioparticles were discovered and characterized by labeling-introducing certain chemicals for visual detection through the changing of label colour. Unfortunately, the labeling chemicals are not fully passive; they change the properties of fluids and can change also the bioparticles to be detected. Moreover, the labeling chemicals are not always available and can be expensive. Using of impedance methods enables the label-free detection of bioparticles. Besides, the label-free impedance detection is the fastest method known.
Both the above described reasons have worked as accelerators for introducing the methods for bioimpedance detection and analysis. Two types of impedance biosensors are known:
(1) Sensors of floating/flowing bioparticles: the task is to detect the floating or fast flowing bioparticles in a narrow submillimeter or micrometer range channel, only a slightly larger than detectable bioparticles. Such the devices are, for example, impedance cytometers intended for the counting and selection of single cells, e.g., for making difference between bigger and smaller cells or for separating the living and dead cells. Bare or coated (electrically insulated) metal electrodes are in use. Capturing of particles to electrodes is not requested, on the contrary, it should be avoided. Fast flow of fluids containing particles is needed [344] .
(2) Affinity biosensors: the affinity biosensors selectively detect the bound (immobilized) bioparticles. At least one of the electrodes is covered by a selectively acting layer (antibody or aptamer layer), which binds to itself the specific bioparticles (bacteria and viruses, also big protein molecules), existing in the surrounding fluid. Antibodies exist in human and animal organisms as the guarantors of immunity or are formed there if the pathogens attack. As already told, the antibodies are selective, they bind only these pathogens (named as antigens, in general), which called them up. Producing of natural antibodies can be complicated and costly. Artificially synthesized aptamers have the same binding effect, but are cheaper and more flexible to modify, only their production technologies are still in development stage.
Impedance Measurement Principles in Biosensors.
Important is to underline that it is extremely hard to measure tiny impedance deviations ΔZ x around 0.05 to 0.5% from its basic value Z x . Therefore, differential measurements are needed. In Figure 18 , there is given a 2-channel measurement scheme to determine, how much the impedance to be measured Z x (impedance of the microfluidic channel in Figure 18 ) differs from the reference value Z ref , which is introduced as an electrical equivalent circuit mimicking the measurement channel (microfluidic channel) physically. As a result, the resolution of measurement enhances at least tens and hundreds of times. In microscale biosensors, mostly the voltage excitation V exc and current response I res are used for impedance measurement.
Biosensor Electrodes.
The measurement of impedance Z x requires electrodes made from conductive material, frequently metallic ones or carbon based. In microfluidic channels, mostly golden electrodes are used for bioimpedance measurement, bare or covered by thin electrically insulating layer. Electrodes for affinity sensors use multilayer structure on gold (see Figure 21) .
Though mostly quadrupole electrodes (4-electrode system, one pair for excitation current and the other one for voltage pick-up) are used for bioimpedance measurement, only two electrodes are predominantly applied both for the voltage excitation and current response. The reason is that it is complicated to take advantage of 4-electrode system in miniature non-Faradaic biosensors. It is important to remember that there is no current due to chemical reactions but solely due to the voltage excitation. The electrical current through the sensing part between electrodes is ionic (charge carriers are ions), but outside of this the charge carriers are electrons. As a result, a thin interfacial double layer appears at electrodes, which behaves like a modified capacitance and is modeled as CPE (see (27) ). The impedance of CPE can be expressed through the frequency dependent magnitude Z CPE ( ) and constant phase , where n can be set from n = 0 (ideal resistor R) through n = 0.5 (ideal Warburg impedance) to n = 1 (ideal capacitor C, valid in case of electrically insulated electrode):
and
The frequency response plot of the CPE at different values of n is given in Figure 19 (b) in logarithmic scale.
Configurations of the most commonly used electrodes for miniature impedance biosensors are depicted in Figure 20 [345, 346] . The simplest one in Figure 20 (a) represents linearly placed quadrupole electrodes. A similar arrangement of concentric configuration is given in Figure 20(b) . A linear configuration of 2-pole interdigitated electrodes covering a wider sensing area is given in Figure 20 (c). Analogous interdigitated sensor with concentric arrangement of electrodes is given in Figure 20 (d).
Affinity Biosensor.
A typical affinity based biosensor for the bioimpedance detection of pathogen in a biological solutions which uses gold electrodes on substrate is depicted in Figure 21 . To connect antibody (or aptamer) layer strongly onto gold electrode, a thin nanometer range self-assembling monolayer (SAM) is required for interfacing inorganic electrode from one side and the biological material (biomolecules, cells, liquid). Thiol and dithiol SAMs on metals, and particularly on gold, have attracted attention due to their easy preparation from gas phase or from solution, and their relatively high stability mediated by the strength of the SAu (sulfur-gold) bond and by van der Waals forces from molecular interactions [347] . If there exist appropriate bioparticles (named also as antigens) in saline solution, then the selective antibody layer selects these antigens (bacteria, viruses) and antigen-antibody layer will be formed. Antigens (pathogens) change the impedance of antibody layers. This change ûZ x informs us on the presence of corresponding pathogens and enables also to estimate their concentrations.
The multilayer coating on gold electrode can be divided into two parts. First, the complex impedance Z e (j ) takes in only the double layer and the accompanying phenomena (Figure 19(a) ). The other part of impedance, Z x (j ), contains the impedance of SAM, antigen-antibody layer and saline solution with floating bioparticles (R 1 , R 2 , and C 1 together with a parasitic stray capacitor C p ); see Figure 19 ûR 1 is caused by binding of antigens to antibodies (formation of the antigen-antibody layer). Presence of capacitance C 1 brings us the reason of arising capacitive current through SAM and antigen-antibody layer, also between the bioparticles in the saline solution. This current is limited by the resistor R 2 at higher frequencies, but overall capacitive current continues flowing through the parasitic stray capacitance C p . Despite the fact that only changing resistive component, ûR 1 , is expected to be an informative factor, this change reflects in both, in real and imaginary parts Re[Z x (j )] and Im[Z x (j )] of the complex impedance Z x (j ). Extraction of ûR 1 requires spectral measurements at least over the range of medium frequencies.
In Figure 22 , there is given a case of measurement with electrodes fully insulated from biological material. A glass microtube (100 m inner diameter, 50 m thick wall) is used for the measurement of impedance of biosolution flowing through [344] . Because of absence of contact between ionic solution and surrounding metallic ring electrodes, also the double layer is absent. Instead of, nearly ideal capacitances C 1 and C 2 exist between the electrodes and solution, which is characterized now by n = 1 in (27) and in Figure 19 , C e (j ) transforms to the impedance of capacitor Z c (j ) = 1/(j C).
The measurement configuration in Figure 22 is based on the structure of inverting operational amplifier with electrical model (impedance Z M ) in the feedback circuit and physical sensors with impedance Z S at the input. Complex impedance of the model Z M (j ) and of the real sensor Z S (j ) must be as similar as possible in the wide range of frequency = 2 f. As a result, the output signal of electronic summation Σ is proportional to the relative change ûZ x /Z x of the impedance to be measured; in more detail, please read [344] . How to extract the value of resistance R 1 , and its changing component ûR 1 , which carries primary information? The most reasonable way is to measure the impedance at the frequency, at which the phase shift obtains its minimal value (Figure 23 ). At this frequency the impedance turns to its real value. For finding that frequency we have to measure in some range of frequencies, that is, to put through impedance spectroscopy around the expected frequency.
An experimental device for impedance-based counter of cells (cytometer) together with impedance-based characterization and sorting of cells and/or droplets is given in Figure 24 [348] . This device uses 4-electrode system having two pairs of electrodes, one pair for current excitation i exc outside the channel, and the other one for pick-up the voltage response V res inside the channel. Spectral analysis of cell impedance enables to differentiate the cells and count them separately using automatic decision maker operating on the bases of measurement results.
In Figures 25 and 26 there are described two practical versions of differential impedance measurement without using of some electronic reference circuits as designed for the device in Figure 22 ; see impedance Z M [344] . The both are for detecting and comparative analyzing of cells, i.e., the both are specific cytometers. In the first version 
Future Challenges of Bioimpedance
Despite all the advances made in bioimpedance for healthcare applications, there are still many challenges and open study fields for future research.
The development of wearable technologies has had a spectacular growth in recent years (heart rate, body temperature, physical activity, etc.). Important research efforts are carried out so that the information provided by these biomedical sensors can be really useful (remote monitoring of patients, early detection of anomalies, promotion of selfcare, etc.) towards an improvement in health and quality of life. There has been a paradigm shift in healthcare, moving from a curative medicine to a personalized, preventive, and proactive medicine [134, 349] . This evolution is supported by the development of wearable biomedical devices for the management of personal health, which allow users to monitor their physiological parameters continuously throughout the day. This functionality increases people's awareness of their current state of health and allows them to make adjustments in their lifestyle or seek early medical attention when the prognosis of the disease may be more favorable [134, 349] . As mentioned in previous sections, bioimpedance devices can provide multiple physiological parameters, and a huge interest is represented by the continuous monitoring of them. This circumstance poses the challenge of portability in bioimpedance systems, since the typical applications of bioimpedance measurement on the human body (BIA, ICG, TIP, EIT, and EDA) use electrodes on the skin. An obstacle for the development of portable bioimpedance devices is that a suitable electrode system is yet an open issue for wearable applications. These electrodes should be comfortable, easy to place by the user and should provide reliable measurements [95] . Aspects such as the material, size, shape, and disposition of the electrodes are a still open study area in contact electrodes for a nonobstructive use. As the contact electrodes like Ag/AgCl are not suitable for continuous use, new methods based on conductive textiles and other noncontact coupling methods are being investigated. The use of noncontact electrodes can solve this problem, but it raises others as a greater sensitivity to the artifacts of movement and the electrical conditions of the environment and the human body [350] . Although the specific placement of the electrodes for BIA, ICG, EIT, and TIP applications has been widely discussed in the literature, there is a lack of information on the performances and issues about their application in a compact configuration more suitable for a portable environment, such as a patch or a textile garment [351] . The understanding of the current and voltage distribution mechanisms inside the body will be essential to optimize the sensitivity of bioimpedance devices in portable applications [351] .
The standard methods of bioimpedance usually require the interaction of the doctor/nurse with the patient (placement of cables, electrodes, device management, etc.), so that these measurement systems are only adequate in a clinical setting. However, in an ideal healthcare application, the patient must forget that he/she is being monitored, for a realistic evaluation under conditions of daily life. Bioimpedance devices must be seamless to the user and carers. To that aim, important challenges are related to the miniaturization and contact-free and unobtrusive use of bioimpedance systems, which must also have processing and wireless communication capabilities for its integration into an e-Health system. The bioimpedance acts as an additional source of data, with the ability to integrate information into the electronic medical record and the consequent interoperability needs. It is necessary to establish a trade-off between the comfort of the user, the capacity for long-term use and the wireless communications of reliable data. The complexity of the bioimpedance systems is usually quite high (current injection, voltage measurement, demodulation, processing, etc.) [351] and the use of high frequency signals (from tens to hundreds of kHz) generally requires a high energy consumption [351] , so this new horizon involves a hardware optimization in size, robustness, and precision, but also in energy consumption, to maximize the autonomy of the devices, fundamental in the case of implants [116, 352] . A key point of bioimpedance systems is the improvement of the current source. A research effort must be made to increase the bandwidth and the output impedance of the current source to improve the accuracy of the measurements and make the devices robust against load bioimpedance variations [112] . As the digital signal processing and wireless communications are the main sources of energy consumption in sensor devices, any progress in both the hardware and the processing algorithms will have a positive impact on increasing energy efficiency [140, 353] . An alternative may be the use of comparators and timers instead of ADC to reduce the energy consumption associated with processing [354] .
The improvement of sensitivity is highlighted as a study objective in bioimpedance equipment development, since the biological process to be monitored can lead to very small signal variations [355] . An adaptive preconditioning can be convenient for this purpose. The application of new approaches like nanotechnologies can improve the sensitivity of bioimpedance systems, as already it has been demonstrated in the case of the incorporation of carbon nanofibers on the electrodes of electrochemical sensors [96] or graphene electrodes for body measurements [267] . Due to the characteristics of an EIT system, with multiple electrodes and the need for processing algorithms, portability and real-time monitoring is an open challenge in the case of EIT.
Since the bioimpedance measurements are affected by multiple factors at the same time and it is very complicated to isolate the influence of the parameter to be measured, another challenge is the investigation of new models, equations, and methods to improve the specificity [356] . The problem of specificity is common to all bioimpedance methods. In BIA applications, the dependence of SFBIA method on a population regression study implies a loss of specificity in situations different from that of the study. Although BIS method is more robust in this sense, more extensive investigations must still be carried out. In bioimpedance measurements of biological samples, the concentration of the metabolite or substance to be detected can be masked by the presence of another element that affects electrically in the same way. An EIT image is naturally fuzzy because the electric currents diffuse inside a volume. However, new EIT models, measurement schemes and electrode configurations can provide a higher spatial resolution. The application of new processing algorithms, more complex and taking into account a greater number of factors, can also allow an improvement in specificity.
As mentioned in Section 2.6, multiple sources of noise and artifacts can affect bioimpedance measurements. High frequency measurement devices suffer from significant distortions in the phase [357] . Research that minimizes these effects must be done at the hardware level, but also at the processing level to detect and correct its effects. The phenomena that introduce errors in bioimpedance measurement should be investigated in greater depth to incorporate these parameters in the processing algorithms [358] . In addition, the context of continuous monitoring imposes an even greater challenge, since artifacts due to movement and parasitic capacitances can be even greater. To reduce errors, bioimpedance systems use calibrations; however, there is no standard calibration protocol for the different bioimpedance applications. Standardized protocols should also be established when carrying out studies with bioimpedance, to allow evaluating the results of different authors on the same conditions and with the electrodes in the same positions.
The anisotropic properties of the skin and tissues must be taken into account, since the flow of the electric current inside the human body is modified by the composition and orientation of the cells in the tissues [88, 359] . Since the tetrapolar configuration of electrodes, which is commonly used in bioimpedance measurements, is affected by the anisotropic properties of blood vessels, muscle and nerve fibers [98] , new electrode configurations and methods must be investigated to mitigate their effects [38] or allow their measurement as a diagnostic parameter of diseases [98, 99, 360] . Moreover, the anisotropy is of special relevance in EIT and its incorporation to image reconstruction models using tensors of anisotropic conductivity can provide a higher resolution [361] .
Advances in miniaturization of IC technologies, biocompatible materials and wireless communication technologies have made implants more and more feasible for clinical use. To the extent, bioimpedance technology can provide a characterization of a tissue, and taking into account the fact that it is safe, simple and of low-cost, this technology has been investigated for its incorporation in implants such as cardiac pacemakers for the objective evaluation of the cardiac and respiratory process [140] , in stimulation intracranial electrodes or cochlear implants to assess the state of the implant [362] , to help in the process of placement of an implant [363] or in the detection of prostate cancer with microendoscopic probes [37] . Future advances in the field of implants will give rise to new challenges in the application of bioimpedance, to serve as a complement of the implant, but also serve as a basis in innovative implantable devices for in situ monitoring of a physiological process.
Biosensors and Lab-on-Chip technologies based on bioimpedance are of great interest in biological, medical, and industrial fields, mainly due to their low-cost and speed in the measurement, and because they can be used in continuous monitoring processes. The development of novel implants could also benefit from these technologies. However, the problems of precision and sensitivity are a major challenge in this type of applications. In-depth investigations must be carried out to accurately model the behavior of the biological impedance of these systems. As previously discussed, specificity is a major problem that can be solved by antibodies or artificially synthesized aptamers, still in the process of development. Implementation of bioimpedance sensing in Lab-on-Chip based technology for point-of-care (PoC) and need-of-care (NoC) devices [364] opens new perspectives to prevent of epidemic spread of infectious diseases in developing countries, and environmental and social disasters, everywhere. New implantable sensors can be designed as well on the bases of bioimpedance sensing [365] . The biosensors can detect cell nutrients such as glucose, metabolites such as lactate, cell density and pH in biological processes, but the field of research is open to new parameters and substances. Besides, the sample preparation process imposes important portability restrictions in some applications, hindering the development of this technology.
In this work, a review of the most recent applications of bioimpedance has been carried out, but in all of them there are some challenges that must be addressed. Although the estimation of body composition by bioimpedance has multiple advantages (noninvasive, painless, safe, simple and nonionizing-radiation-based method [103] ) and exhibits a strong correlation with reference methods [210] , this technique has not yet been accepted in routine clinical practice, possibly due to artifacts, systematic errors and estimation errors that occur in the measurements [366] . The algorithms used in commercial devices are usually unknown and there is little information about their validation in a clinical setting [103] . Clinical studies in which these devices have been used are limited by the small sample size [151] and additional research is needed with larger and more heterogeneous population samples, especially in obese individuals, subjects with low weight and in population groups with unique anthropometric characteristics or in altered states of composition [210] . To improve the error, innovative and individualized approaches must be developed to improve the accuracy of the bioimpedance methods [193] .
In a typical bioimpedance body estimation, the electrodes are usually placed on the hand and the foot due to the multiple benefits that this configuration provides (reduction of the variability of the position, simply and easy measurement, the user does not need to undress, possibility of patient evaluation in bed, etc.) [210] . However, this location may not be optimal for assessing the specific composition in a corporal segment, especially in those patients who suffer extreme changes in body composition, such as patients on hemodialysis or patients with spinal cord injury [367] . The measurement of segmental and localized bioimpedance is an area of study that requires additional research [210, 367] .
Despite the maturity of ICG, there are still doubts about whether this technique can really reflect the cardiac function and the filling pressures in the heart [368] , especially under unnormal health conditions. The data provided in most of the studies are small and often are not controlled. More extensive
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Journal of Sensors studies must be conducted to test the clinical utility of this technology and extend its application beyond the scope of the research. A disadvantage of ICG is that the distances between the measuring electrodes are high, and thus inaccuracies may arise in the estimation of parameters due to the own cardiorespiratory dynamics [369] . New methods based on ensemble averaging, wavelet transform, or signal filtering can address this inaccuracy [369, 370] .
Despite the low resolution of the EIT technology for its application in medical images, which results in a smoothing effect, this technology stands out because functional information related to the internal body bioimpedance compartments is generated. In this way, EIT provides added value when it is applied in combination with other diagnostic methods. EIT is a very active study area as represents a low-cost and harmless method that can be used to obtain images of organs, tumors and blood vessels, although with low spatial resolution [371] . This method is very sensitive to modeling and measurement errors, and a small difference can lead to a large error in the reconstruction [372] . Advances in more accurate body models and in technology to provide increased stability and SNR will lead to an improvement in image resolution [26, 373] . Many researchers use phantoms that mimic body tissues to calibrate and test EIT systems [374] . As the intracellular compartment can only be observed at high frequencies, EIT usually needs a high bandwidth that is affected by the parasitic capacitance of the cables and switches. One way to solve the inherent inaccuracy of this technology can be the fusion of different sources of information, but also the parallel use of diverse technologies. Some research groups are investigating new schemes to improve the bandwidth by using multiple current injectors and voltmeters in parallel [372] . Other approaches employ active electrodes to mitigate the effects of parasitic capacitances [375, 376] . The collaboration of technical experts, mathematicians, and clinicians will be necessary to make a trade-off between the hardware and software complexity and the precision performance.
Bioimpedance based sensing methods have found an established usage in some types of biosensors (e.g., for single cell counting and sorting), but their implementation in biotechnology and medicine is still a topic of future developments. Excellent perspectives are opening in detection of pathogens for preventing epidemic spread of infectious diseases in developing countries, and environmental and social disasters, everywhere. Implementation of bioimpedance sensing in Lab-on-Chip based technology for point-of-care (PoC) and need-of-care (NoC) devices [364] opens new perspectives for prevention of the abovementioned threats.
Although bioimpedance measurement technology is a mature method, a major research effort must be made in conjunction with experts in clinical diagnosis to improve the sensitivity, the specificity, and the confidence in the use of technology in routine clinical practice. Another challenge faced by bioimpedance is the research and development of new applications, in which the detection of cancer will have a prominent position [31, 37, 65, 68] , but other new applications are feasible such as lymphoedema evaluation [43, 48] , vital sign monitoring in automotive environments [377] , noninvasive cuffless blood pressure estimation [378] [379] [380] [381] , electrical impedance myography [382] , glucose concentration assessment [383, 384] , noninvasive detection of physiological processes [385] , diagnosis of diseases of peripheral vascular system [43, 386] , evaluation of elbow joint motion [387] , detection of bacteria populations in water solutions [388] , evaluation of the status of wound healing [389] , infiltration detection during intravenous therapy [390] , blood flow assessment [43] , and characterization of an implantable neurostimulator [391] , as a surgical aid tool [101, 392] or in the evaluation of transplanted organs [46] .
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